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Abstract Enhancing use efficiency of applied fer-
tiliser increases farmers’ returns on fertiliser invest-
ment through reducing nutrient inputs and improv-
ing yields. We investigated on-farm how indigenous
nutrient supply and management practices affected N,
P, and K uptake, agronomic efficiency and recovery
efficiency of fertiliser, and physiological efficiency
of nutrients taken up, under irrigated lowland rice
conditions in Uganda. Treatments included recom-
mended agronomic practices (RAP) without ferti-
lisation, farmers’ practice (FP), farmers’ selected
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intensification practice (FIP), and RAP with NPK
fertilisation (RAP+ NPK). Indigenous N, P, and K
supply varied greatly among farmers’ fields. N, P, and
K uptake were significantly higher under RAP +NPK
than under RAP, FP, and FIP; however, physiologi-
cal efficiency (PE; kg grain kg~! nutrient uptake) was
significantly lower under RAP+NPK by 19% (N),
and 12% (P/K), due to a larger effect of NPK appli-
cation on uptake than on yield, leading to higher tis-
sue concentrations. Indigenous available N reduced
apparent N recovery, and agronomic and physiologi-
cal N efficiencies independent of treatment. Also, P
and K PEs decreased with increasing indigenous sup-
ply. Delaying weeding beyond recommended time,
in interaction with indigenous N supply, decreased
agronomic N efficiency, but increased PE of N. Inter-
action between P rate and timing reduced its PE; K
rate and weeding time interaction reduced its PE. The
decrease in efficiencies at high indigenous supply and
delayed weeding indicates a need for site-specific fer-
tilisation strategies based on naturally available nutri-
ent levels and proper weeding. Weeding and fertilisa-
tion timing directly affect nutrient use efficiency, and
therefore, fertiliser use efficiency in rice production
systems.

Keywords Apparent recovery - Agronomic

efficiency - Recovery efficiency - Physiological
efficiency - Oryza sativa
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Introduction

Rice (Oryza sativa) is one of the most important food
crops in sub-Saharan Africa (SSA), the most rap-
idly growing food commodity, and the second larg-
est source of caloric intake after maize (Bado et al.
2018; Tsujimoto et al. 2019). Rice is mostly grown
by smallholder farmers, and yields are generally low.
Yet, demand is projected to continue to rise due to
high population growth rate, rapid urbanisation, and
increasing consumer preference for rice (Balasubra-
manian et al. 2007; Tanaka et al. 2017; Tsujimoto
et al. 2019). Because of the low yields, current local
production does not meet the growing demand, and
consumption is satisfied through imports. However,
import dependence to meet the demand could worsen
food insecurity and poverty (Tanaka et al. 2017).
Moreover, improving rice production is not only
important for improving country-level food security,
but is also vital for enhancing household income,
alleviating poverty, and promoting socio-economic
growth of rice farmers (Seck et al. 2013; Tanaka et al.
2015).

Fertilisers are reported as a yield enhancing input
(Awio et al. 2021; Bado et al. 2018; Kwesiga et al.
2019; Niang et al. 2017; Saito et al. 2019). While rice
yields can be augmented through fertilisation, large
variation in yield responses to fertiliser application
has been observed among farmers’ fields within the
same growing environment. For instance, in a par-
ticipatory study under irrigated lowland condition on
farmers’ fields in Uganda, grain yields ranged from
4.3 to 7.0 t ha~! under researcher-supervised manage-
ment practices including 100, 50 and 50 kg ha™' N, P
and K applications, respectively (Awio et al. 2022).
Under farmers’ N rates ranging from 6.8 to 46 kg N
ha~!, grain yield varied between 3.2 and 6.5 t ha™!.
Likewise, Saito et al. (2019) reported grain yields
between 0.8 and 2.3 t ha™! on-farm with 160, 25 and
70 kg ha™' N, Pand K, respectively, at the same loca-
tion in Uganda. In several other rice growing envi-
ronments in SSA, this large yield variation among
fields has been observed under the same growing
conditions, when the same amounts of N, P and K
were applied; with the highest variation of 0.1 to 7.2
t ha™! grain yield with 110, 20 and 50 kg ha™! N, P
and K, respectively, observed in Benin under rainfed
lowland condition (Saito et al. 2019). These differ-
ences in yield response to fertilisation among fields
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under similar growing conditions could reflect differ-
ences in soil indigenous nutrient supply (Haefele and
Wopereis 2005; Kihara and Njoroge 2013; Vanlauwe
et al. 2006). Indigenous nutrient supply is “the total
amount of a particular nutrient that is available to
crops from the soil during a cropping cycle”, as “esti-
mated by measuring plant nutrient uptake in a nutri-
ent omission plot” (Witt and Dobermann 2002). It can
originate from incorporated crop residues, residual
organic and inorganic nutrients from previous nutri-
ent applications, biological fixation, irrigation or
flood water, atmospheric deposition, and soil weath-
ering (Cui et al. 2008; Dobermann et al. 2003a; Witt
and Dobermann 2002).

Indigenous nutrient supply determines yield
response to fertilisation, where yield response to
applied nutrients has been observed to be low when
indigenous nutrient supply is high (Kihara et al. 2016;
Kihara and Njoroge 2013; Saito et al. 2015, 2019;
Vanlauwe et al. 2011). Likewise, use efficiency of fer-
tiliser nutrients is observed to be low at higher soil
nutrient supply (Haefele and Wopereis 2005; Haefele
et al. 2003; Kihara and Njoroge 2013; Vanlauwe et al.
2011). Fertiliser application rate and timing, weeding
time and the associated weed infestation levels, other
crop management practices, and climatic conditions
also influence fertiliser nutrient use efficiency (Davies
et al. 2020; Tippe et al. 2020; Xu et al. 2016; Zemi-
chael et al. 2017). While indigenous nutrient supply is
shown to determine fertiliser nutrient use efficiency,
its interaction with crop management practices, for
instance timing of weeding—the most important
component of management practices (Awio et al.
2022), could further influence use efficiency of fer-
tiliser nutrients. However, there is no clear evidence
of the effect of interaction between indigenous nutri-
ent supply and crop management practices on ferti-
liser nutrient use efficiency. Current fertiliser recom-
mendations for site-specific nutrient management are
based on indigenous nutrient supply (Chivenge et al.
2021; Dobermann et al. 2002) without considera-
tion for proper weed management, which may make
such recommendations inefficient when fertilisers
are applied, and weeding is not done timely. Some
of the agronomic indices used to describe nutrient
use efficiency include agronomic efficiency (AE)—
kg grain yield increase kg~! nutrient applied; recov-
ery efficiency (RE)—kg increase in nutrient uptake
kg~! nutrient applied; and physiological efficiency
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(PE)—kg grain kg~! nutrient uptake (Cassman et al.
1998; Dobermann 2007; Li et al. 2014).

In SSA, fertilisers remain an expensive crop pro-
duction input for most rice farmers, resulting in farm-
ers’ actual application rates being lower than recom-
mended rates. Ensuring good nutrient use efficiency
of the applied fertiliser is important for increasing
both fertiliser use and rice yield (Tsujimoto et al.
2019; Vanlauwe et al. 2011). This could ensure that
farmers achieve positive returns from fertiliser invest-
ments, while avoiding negative environmental effects,
including contribution to greenhouse gas emissions,
and loss of excess nutrients to surface and under-
ground water. The objective of the present study was,
therefore, to understand the effect of the interaction
between indigenous nutrient supply and management
practices in shaping nutrient uptake and use efficiency
on-farm, under irrigated lowland rice conditions.
Previous studies indicate that an increase in indig-
enous nutrient supply reduces agronomic and recov-
ery efficiency of applied nutrients, and physiological
efficiency of nutrients taken up. The latter implies
nutrient concentrations in biomass increase. We
hypothesise an interaction between indigenous nutri-
ent supply with timing of weeding and of fertilisation,
which are a challenge to rice farmers in Uganda in
particular, and SSA at large. Agronomic and recovery
efficiency of applied nutrients, and the physiologi-
cal efficiency of nutrients taken up are expected to
decline as indigenous nutrient supply increases, due
to a reduction in uptake of applied nutrients and an
increase in biomass nutrient concentrations. The
reduction in agronomic and recovery efficiencies
will be stronger with delayed weeding and fertilisa-
tion, while delayed weeding and fertilisation will also
reduce the physiological efficiency due to a reduction
in uptake of applied nutrients.

Materials and methods
Trial site, design and treatments

The trials used for the current analysis were par-
ticipatory trials involving farmers and researchers,
conducted on farmers’ fields between January and
December 2019, in the Doho rice irrigation scheme in
Butaleja district (34°02° E, 0°56’ N), Eastern Uganda.
The Doho rice irrigation scheme is the largest public

rice irrigation scheme in Uganda (Wanyama et al.
2017), covering an area of 1000 ha, of which 952 ha
is cultivated by over 4000 smallholder farmers. The
scheme lies at an elevation of 1100 m above sea
level and the annual mean temperature in the area
is 22.7 °C, ranging from 15.4 to 30.7 °C. It is char-
acterised by a bimodal rainfall pattern, with peaks
in March—-May and August-October, with a mean
annual rainfall of 1186 mm. The soils are Plintho-
sols, reddish brown in colour, sandy loam, and loam
textured (Awio et al. 2022). Currently, the scheme is
divided into 11 blocks; each block is sub-divided into
5-15 strips, and each strip has 20-30 farmers.

The scheme has been under lowland rice growing
by smallholder farmers for about four decades (Sse-
runkuuma et al. 2003), where rice is cultivated in a
monoculture system, with 2-3 crops planted per year
in the same field. Irrigation management is similar
across fields based on water release schedules for
the different blocks drawn by the scheme’s manage-
ment, in addition to rainfall. Farmers incorporate rice
straw from the previous crop during land prepara-
tion; no external sources of organic input are applied.
Varied amounts of inorganic fertilisers, especially N,
are used by farmers, ranging from O to about 50 kg N
ha~! and almost no P and K (Awio et al. 2022). Farm-
ers from all blocks were invited to participate in the
trials. The fields used for the participatory trials were
from farmers that decided to participate, while par-
ticipation from all blocks was guaranteed. For each
planting period, interested farmers who had fields
ready for planting offered their plots for use in con-
ducting the trials. A total of 47 farmers’ fields spread
across all the 11 blocks within the scheme were used.

In the trials, farmers differed in nutrient applica-
tion rates, and on plots with researcher proposed
rates, 100, 50 and 50 kg ha~' N, P and K, were
applied, respectively. Treatments included: (1) rec-
ommended agronomic practices without fertilisation
(RAP) as a control, which represented optimal man-
agement practices (Awio et al. 2022). This treatment
was jointly managed by farmers and researchers,
whereby individual farmers executed a given man-
agement practice under the researcher’s supervision
(Table 1). (2) Farmers’ practice (FP), which repre-
sented all the management practices currently under-
taken by farmers. The treatment was fully under farm-
ers’ management, where all farmers implemented
their individual management practices, and records of
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Table 1 Summary of treatments evaluated and associated management practices

Treatment

Management practices

Recommended agronomic practices without — Transplanting time (23 — 33 DAS), line transplanting, timely weeding (14 — 25 DAT),

fertilisation (RAP, n=47)
Farmers’ practice (FP, n=37)

and no fertilisation

Farmers implemented different management practices: transplanting time (23 — 39

DAS), transplanting method (line or random), weeding time (15 — 39 DAT), and N
rate (13.8 — 46 kg ha™!) as urea, applied once 20 — 65 DAT, no P and K

Recommended agronomic practices with
NPK fertilisation (RAP+NPK, n=19)

Transplanting time (25 — 33 DAS)), line transplanting, timely weeding (15 — 22 DAT),
and 100, 50 and 50 kg ha™' N, P and K

Farmers’ intensification practice (FIP, n=43) Farmers implemented different management practices: transplanting time (23 — 39
DAS), transplanting method (line or random), weeding time (15 — 39 DAT), and
N (6.8 — 46 kg ha™!), P and K (0 —27.2 kg ha™!) as urea or NPK blend all applied

once 15—-71 DAT

Field tillage, bunding, levelling and number of weeding operations (i.e., once during the crop cycle) were identical across treatments
for all farmers. Field tillage was done using either a hand hoe or an ox-plough; bunding, levelling and weeding were done manually
using a hand hoe. Under farmers’ intensification practice, improved management practices implemented by these farmers were dif-
ferent from their farmers’ practice. DAS =days after sowing, DAT =days after transplanting, n=number of farmers’ fields where the

different treatments were implemented

such management practices were taken. (3) Recom-
mended agronomic practices with NPK fertilisation
(RAP +NPK), where in addition to optimal manage-
ment practices, N, P, and K were applied at 100, 50
and 50 kg ha™!, respectively, as urea, triple super-
phosphate, and muriate of potash. All P was applied
as basal, 2 weeks after transplanting (WAT). N and K
were split into 50, 25 and 25%, and applied 2 WAT,
at panicle initiation and at flowering, respectively.
This plot was also jointly managed by the farmers and
researchers. (4) Farmers® best selected management
practices as their next feasible step to intensification
(farmers’ intensification practice, FIP). Here indi-
vidual farmers implemented what they considered as
their best set of practices to improve their own yield.
Hence, different farmers implemented different prac-
tices (Table 1). This plot was fully managed by the
farmers and records of all management practices were
taken.

For all treatment plots, ploughing was done by
the farmers following their common practice: two
ploughings using either a hand hoe or an ox-plough.
First and second ploughing were done at 2-3 weeks
and 1 or 2 days before transplanting, respectively.
All fields were properly bunded by default because
the bunds act as boundaries between farmers’ fields.
For practical reasons, levelling was completed in the
whole farmer’s field, using a hand hoe, before treat-
ment plots were installed, making all treatments con-
ducted on equally well levelled fields. In addition to
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rainfall, water was supplied three days per week by
irrigation to all treatment plots in a field, based on the
water release schedule for the different blocks. For
FP and FIP plots, all the farmers applied the fertiliser
once, with application timing varying from farmer
to farmer. All treatment plots were weeded manually
using a hand hoe, once during the crop growth cycle,
as is common practice at the study site, with timing of
weeding varying among farmers. Bird control was by
physical scaring of birds from the grain-filling stage
until harvest.

Different farmers implemented different number
of treatments, with all farmers having the recom-
mended agronomic practices (RAP) as control plot.
An individual farmer’s field was divided into plots
and these plots were randomly allocated to the treat-
ments selected and implemented by the farmer, and
each farmer was considered a replicate. Planting was
done in January, March, April, and August 2019, with
overall three crops evaluated across the year. The Jan-
uary crop was the first crop, planted in the dry sea-
son, and depended mostly on irrigation water with
little rainfall. March and April, and August plantings
were the second and third crops, planted in the first
and second rainy seasons of the year, respectively,
and fully utilised the rainfall with supplementary irri-
gation. Short-duration rice varieties K 98 and K 85,
commonly cultivated by farmers within the study site,
were used. Within each farmer’s field, each treatment
had a plot size of 10 mXx 10 m, and a harvest area of
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4 mx4 m marked from the centre of each treatment
plot was used for grain yield assessment.

Estimating effects of indigenous nutrient supply and
weeding time delay

To estimate the effect of the indigenous supply of N,
P and K of individual farmers’ fields, an estimate of
such supply under RAP is needed. Two methods have
been used in the literature, one is the amount of N,
P or K taken up by a crop species under zero ferti-
lisation, but otherwise good management (Haefele
et al. 2003). The alternative method is to measure the
amount of N, P or K taken up by a crop while other
nutrients are made unlimited through the so-called
omission plot technique (Dobermann et al. 2003b;
Haefele & Wopereis 2005; Witt & Dobermann 2002).
The latter is a better estimate to establish recommen-
dations for optimal fertilisation or a potential sup-
ply capacity. The former, though, provides a better
estimate of indigenous supply under (good) farmer
practice and conditions. As the current paper aims to
analyse how the apparent nutrient uptake from ferti-
lisation is affected by the indigenous supply when
no nutrients are provided, the uptake under no ferti-
lisation suits best and is thus used as an estimate for
indigenous nutrient supply (for N, P and K denomi-
nated, respectively, as INS, IPS and IKS).

Weeding time for this paper is defined as the time
of weeding (in days) after transplanting. Recom-
mended weeding time was considered as weeding
time in RAP plots after transplanting, which was
between 14 and 25 days after transplanting. Weeding
time delay for a given FP or FIP plot was taken as
the number of days weeding was done in FP or FIP
plot after weeding in RAP plot, i.e., the difference
in weeding time between RAP and FP or FIP plots.
Weeding time delay was O if weeding in RAP and
FP/FIP plots was done on the same day, and greater
than O if weeding in the FP/FIP plot was done after
weeding in the RAP plot. Weeding time delay varied
between 0-20 days.

Plant analysis

At harvest, 12 sample hills were systematically
selected from within 1 m outside the 4 m x4 m har-
vest area (Awio et al. 2022), and plants were cut at
soil surface level. Sample hills were threshed, and

straw, filled, and empty grains, were separately oven-
dried at 70 °C to a constant weight. Dry matter har-
vest index (HI) was calculated as the ratio of filled
grains over total above-ground biomass of the sam-
ple hills. For each treatment plot, a sub-sample of the
straw, filled, and empty grains was reconstituted to
make a single sample. Each sample was ground into
a fine powder using a high-speed vibrating sample
mill (Model CT 293 Cyclotec™, Foss Analytical A/S,
Denmark) for analysis of N, P, and K tissue concen-
trations. Total tissue N concentration was analysed by
the Dumas combustion method using a TruMac® CN
(LECO Corporation, USA) elemental analyser. Total
P and K tissue concentrations were measured using
Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) with a Thermo-Fisher Scientific iCAP-Q
(Thermo Fisher Scientific, Germany) analyser. Chem-
ical analyses were done at the School of Biosciences
laboratory, University of Nottingham, UK.

Plant N, P and K uptake was calculated from con-
centrations in total above-ground dry matter. Total
above-ground dry matter was derived from HI of the
12 sample hills and grain yield (from the 4 m x4 m
harvest area) at 14% moisture content. Indigenous N,
P and K supply of each farmer’s field was estimated
by measuring N, P and K uptake in total above-
ground dry matter of recommended agronomic prac-
tices (RAP) plots where no nutrients were applied but
otherwise management was optimal. Apparent recov-
ery of N, P and K from applied fertiliser was calcu-
lated as the difference between total uptake in the fer-
tilised plot and uptake in the unfertilised plot under
RAP.

Statistics

Data were subjected to analysis of variance (ANOVA)
using an unbalanced treatment structure in Genstat
(19th edition) at 5% probability, where the different
farmers’ fields were taken as blocks. Where differ-
ences among treatments were significant, Fisher’s
unprotected least significant difference test was used
to separate treatment means. Homogeneity of vari-
ances and normality of data distribution were checked
using Bartlett’s and Shapiro—Wilk tests, respectively.
During analysis, planting period was included as
a covariate; however, its effect alone or in interac-
tion with the different treatments was not significant
(»>0.18) so it was then dropped. To quantify the
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effect of soil indigenous nutrient supply and manage-
ment practices on apparent recovery, agronomic and
recovery efficiency of applied nutrients, and physi-
ological efficiency of nutrients taken up, all treat-
ment data on indigenous N, P, and K supply, weed-
ing time, fertiliser amount and application time were
subjected to multiple regression analysis using a gen-
eralised linear model following a stepwise regression
procedure.

Results

Agronomic and recovery efficiencies of applied
nutrients

Agronomic efficiency (AE) and recovery efficiency
(RE) of N, P and K were not significantly differ-
ent among treatments (p>0.06, Table 2). However,
apparent recovery of fertiliser nutrients differed sig-
nificantly (p<0.001) among treatments. AE of N
varied from —100 to 68.8, —85.9 to 75.7 and -0.5
to 22.2 kg grain kg~! N applied, under FP, FIP and
RAP+NPK, respectively. RE of N ranged between
—2.2 and 1.8,—1.8 and 2.1, and —0.04 and 0.9 kg N in
plant tissue per kg N applied, respectively, under FP,
FIP and RAP+NPK. N, P and K apparent recoveries

Table 2 Agronomic and recovery efficiencies of N, P and K
for different treatments on-farm under irrigated lowland condi-
tion, Doho — Uganda, 2019

AE (kg grain kg™
nutrient applied)®

Treatment * RE (kg nutrient in plant

tissue kg™! nutrient

applied)®

N P K N PorK!
FP —0.14 e e -7.42 e
FIP 025 000 022 632 182
RAP+NPK 041 015 112 841 179
SED 0.16 005 035 5.39 6.33
p-Value 0.08 006 0.11 0.06 0.93

“FP=farmers’ practice, FIP=farmers’ intensification practice,
RAP+NPK =recommended agronomic practices with NPK
fertilisation

PRecovery efficiency
€ Agronomic efficiency

4P and K were always applied in the ratio of 1:1, resulting in
identical AE values

P or K were not applied under FP
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were higher in the RAP+NPK treatment, averag-
ing 43.1, 7.5 and 55.8 kg N, P and K ha™!, respec-
tively. Average N apparent recovery was —2.2 kg ha™!
under FP, which was not statistically different from
3.5 kg ha™! in FIP plots. P and K apparent recoveries
were on average 0.03 and 0.98 kg ha™!, respectively,
under FIP.

AE of P or K ranged from —18.1 to 62.0 and -1.1
to 44.4 kg grains kg~! nutrient applied, respectively,
under FIP and RAP+NPK. RE of P was between
—0.4 and 0.4 and between 0.01 and 0.4, and for K
between —2.2 and 5.1 and between —0.3 and 2.9 kg
nutrient in plant tissue kg~ nutrient applied, respec-
tively, under FIP and RAP+NPK. Negative agro-
nomic and recovery efficiency values indicate poor
utilisation of the applied nutrients by crops, whereby
their uptake and subsequent use in grain production
were lower than when no fertiliser was applied but
practices were as recommended (RAP).

Nutrient uptake and physiological efficiency

Uptake of N, P and K was significantly (p <0.001)
different among treatments. RAP+NPK had the
highest N, P and K uptake, while N, P and K uptake
were similar under RAP, FP and FIP (Table 3). There
was a large variation in uptake among plots of the
same treatment with and without fertilisation, ranging
from 52.9 to 176, 12.7-46.4, and 81.9-324 kg ha™!
N, P and K, respectively (Supplementary Fig. 1),
indicating differences in indigenous nutrient supply
capacity among farmers’ fields. The different planting
periods had no significant effect (p >0.18) on nutrient
uptake under the different treatments (Supplementary
Table S1). Physiological efficiency (PE) of N, P and
K differed significantly (p <0.05) among treatments,
where RAP, FP and FIP had higher PE of N, P and K
compared with RAP+NPK (Table 3). N, P and K PE
values were on average 18.9, 12.1 and 11.5%, respec-
tively, lower under RAP +NPK compared with RAP,
FP and FIP. There was no statistical difference in PE
of N, P and K between RAP, FP and FIP. Likewise,
across treatments PE varied two- to three-fold among
plots with the same treatment, for N, P and K, respec-
tively, from 30.7 to 73.7, 116-305, and 18.9-49.4 kg
grains kg~! uptake (Supplementary Fig. 2). The sig-
nificantly lower PE of N, P and K observed under
RAP +NPK was mainly due to a larger positive effect
of RAP+NPK on N, P and K uptake, compared with
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Table 4 Multiple linear regression models for the different factors driving on-farm use efficiency of applied nutrients, Doho, 2019

Model Model description and parameter values R?

1A Agronomic Efficiency N=a+bXINS 4 ¢ XINS x weeding time delay + error 0.38
a=82.6; b=-0.80; c=-0.02; s.e.=13.7
b, ¢ (<0.001)

1B Agronomic Efficiency N=a+bXINS + ¢ XINS X weeding time delay + error 0.36
a=72.8;b=-0.71; c=-0.02; s.e.=11.5
b, ¢ (<0.001)

2A Apparent N recovery =a+b XINS + ¢ X weeding time delay X fertilisation time + error 0.25
a=47.4;b=-0.46; c=-0.02; s.e.=9.34
b (<0.001); ¢ (0.002)

2B Apparent N recovery =a+b XN rate + ¢ X INS +d X weeding time delay X N rate 4 error 0.52
a=35.0; b=0.45; c=-0.44;d=-0.03;s.e.=9.74
b, ¢, d (<0.001)

3 Apparent P recovery =a+b X P rate +error 0.38
a=-2.88;b=0.20;s.e.=1.73
b (<0.001)

4 Apparent K recovery =a+b x K rate + error 0.30
a=-21.9;b=1.55;s.e.=16.0
b (<0.001)

5 Recovery Efficiency N=a+bx weeding time delay + error 0.11
a=0.33; b=-0.04; s.e.=0.09
b (<0.001)

6A Physiological Efficiency N=a+bXINS +error 0.04
a=61.3;b=-0.09; s.e.=3.94
b (0.04)

6B Physiological Efficiency N=a+bXx weeding time delay +c XN rate X INS + error 0.27
a=55.6;b=0.13; c=-0.001; s.e.=1.43
b (0.002); ¢ (<0.001)

7 Physiological Efficiency P=a+bXIPS +c¢ X P rate X P fertilisation time + error 0.36
a=307; b=-3.38; c=-0.05; s.e.=28.1
b (0.01); ¢ (<0.01)

8 Physiological Efficiency K=a+bXxIKS + ¢ x K rate X weeding time + error 0.40

a=48.8; b=-0.09; c=-0.01; s.e.=4.17
b (<0.001); ¢ (0.01)

INS =Indigenous N supply, IPS =Indigenous P supply, IKS =Indigenous K supply. Weeding and fertilisation time (days after trans-
planting, DAT), weeding time delay—delay in weeding compared with weeding in recommended agronomic practice plot (RAP, days
after weeding in RAP). Values in parentheses are corresponding p-values for effect of model parameter, s.e. is standard error of esti-

mate of constant a

delay in weeding compared with recommended weed-
ing time were the main determinants of N AE. In con-
trast, the AEs of P and K were unaffected by any of
these factors. An increase in INS by a kg ha™' reduced
AE of N by 0.7 kg kg™' (Model 1B). The interaction
between INS and weeding time delay reduced AE by
0.02 kg kg~!. AE predictions from the model showed
that AE would be reduced with increasing INS and
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delayed weeding, with larger reductions at higher levels
of INS and delayed weeding (Fig. 1B).

Apparent recovery and recovery efficiency of applied
nutrients

Multiple linear regression analysis of the combined
data from plots under farmers’ management practices
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Fig. 1 Agronomic effi- 100 - A
ciency (AE) of N under %\ —INS ~60
FP and FIP (A) and across o 80 - A
FP, FIP and RAP+NPK S e0d 4 —INS ~90
(B) as affected by indig- o § INS ~110
enous N supply (INS; kg 0 40 - A
ha™!), and the interaction 4 20 4 > < o INS ~60
between INS and weed- ()] © oo
ing time delay (days after i 0 . A INS ~90
weeding in recommended £ b 23
agronomic practices, 8 -20 - 0O INS ~110
RAP, plot), Doho, 2019. o
Regression lines are fitted o -40 -
for predicted AE values 5 -60 -
from Models 1A and 1B, =z o A&
respectively. Data points w80 1 5
are observed AE values g 100 -
from FP and FIP; and FP, - -
FIP and RAP +NPK plots, -120 -
respectively. FP =farmers’ Weeding time delay (days)
practice; FIP = farmers’
intensification practice;
and RAP +NPK =rec-
ommended agronomic 100 - B
practices combined with ’.a INS ~60
100, 50 and 50 kg ha™", o 801 & INS ~90
respectively, N, P and K i 60 A é
application % 40 - INS ~110
4 o INS ~60
xm 20 N
by 0 . A INS ~90
c
s -20 P 22 x INS ~110
=]
g -40 -
~ -60 A
Z 80 x 8
w Y X
< _100 - x
-120 -

(farmers’ practice and farmers’ intensification prac-
tice plots) showed that apparent N recovery from
applied fertiliser was influenced by soil INS, and an
interaction between fertilisation timing and the delay
in weeding, compared with recommended weeding
time. Apparent N recovery by the rice crop decreased
with increasing soil INS, indicating a negative effect
of high indigenous N supply on the apparent recov-
ery of applied N (Model 2A, Table 4). Both a delay
in weeding time and late fertilisation had a negative
effect on apparent recovery of applied N and these
effects strengthened each other (Model 2A, Table 4);

Weeding time delay (days)

together they affected the intercept with the x-axis of
the relation between apparent N recovery and indige-
nous N supply, where the intercept shifted to the right
with timely weeding (Fig. 2A).

Combining data from plots under farmers’ practice
(FP), farmers’ intensification practice (FIP) and rec-
ommended agronomic practices plus NPK application
(RAP+NPK), the multiple linear regression showed
that application of N shifted the intercept with the
y-axis of the relation between apparent N recovery
and indigenous N supply upwards, but this recovery
was reduced by both delay in weeding and indigenous
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Fig. 2 Apparent N 80 -
recovery under FP and FIP
(A) and across FP, FIP

and RAP+NPK (B) as
influenced by indigenous N
supply; and the additional
interactive effect of fertili-
sation time (FT) and weed-
ing time delay (WD), and
weeding time delay and N

o ——FT= 45, WD = 0
——FT = 45, WD = 15
o FT ~45, WD = 0
o FT ~45, WD ~15

rate. Apparent N recovery
was calculated as the differ-
ence between total uptake
in the N fertilised plots and
N uptake in unfertilised
plots under recommended
agronomic practices (RAP).
Regression lines are fitted -60 -
for predicted apparent
recovery values from Mod-
els 2A and 2B, respectively.
Data points are observed
apparent recovery data
from FP and FIP; and from
FP, FIP and RAP + NPK
plots, respectively. FT in
days after transplanting,
WD in days after weed-

ing in RAP plot, ~ means
approximately. FP =farm-
ers’ practice, FIP =farmers’
intensification practice

and RAP +NPK =recom-
mended agronomic prac-

Apparent recovery of applied N

100 -

160

Indigenous N supply (kg ha-1)

B ——N =15, WD =0
A ~——N =35 WD=0
a ——N =35, WD =15
N =100, WD =0
A& Nrate~15 WD =0
N rate ~35, WD =0
4 N rate ~35, WD = 15
A Nrate= 100, WD =0

tices combined with NPK
application

Apparent recovery of applied N

150

Indigenous N supply (kg ha-!)

N supply (Model 2B, Table 4 and Fig. 2B). There was
an indication that lower N applications (for instance,
up to 35 kg ha™!) under timely weeding and in fields
with indigenous N supply of around 60 kg ha™! would
still have decent apparent N recovery. However, a
fortnight delay in weeding would bring apparent N
recovery to almost zero, while even at timely weed-
ing such N application rate would make no sense at
indigenous N supply levels of around 100 kg ha™' or
higher (Fig. 2B).

Recovery efficiency (RE) of applied nitrogen under
farmers’ management practices (FP and FIP), and
across FP, FIP and RAP + NPK was only significantly

@ Springer

(»<0.001) influenced by a delay in weeding time
compared with recommended weeding time. A delay
in weeding by one day reduced RE of N by 0.04 kg
N in plant tissue kg~! N applied (Model 5, Table 4).
There was a large variation in RE across weeding
time delays, where a 14-day delay in weeding com-
pared to recommended weeding time had most of the
lowest RE values (Supplementary Fig. 3).

Apparent recovery of P across FIP and
RAP+NPK plots was affected by P application rate,
whereby recovery of applied P increased with amount
of P applied (Model 3, Table 4). Estimation from the
regression model showed that P application at rates
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below 15 kg ha™! in these fields would not be use-
ful as apparent recovery of the applied P would be
negative (Fig. 3A). Apparent P recovery was, how-
ever, not affected by soil indigenous P supply (IPS),
weeding or fertilisation time (Supplementary Fig. 4).
Similarly, apparent recovery of fertiliser K was influ-
enced by amount of K applied, in which apparent
recovery increased with increasing K application rate
(Model 4, Table 4). Like P, K applications below ca.
15 kg ha™! would make no sense, as the apparent K
recovery would be negative (Fig. 3B). Also, apparent
K recovery was not affected by indigenous K supply
(IKS), weeding or fertilisation time (Supplementary

Fig. 3 Apparent recovery 20 -
of fertiliser P (A) and K (B)
across FIP and RAP+NPK
as influenced by P and K
rate, respectively, on-farm,
Doho, 2019. Apparent
recovery was calculated as
the difference between total
uptake in fertilised plots
and uptake in unfertilised
plots under recommended
agronomic practices (RAP).
The regression line is fit-

15 A

P (kg ha-1)

Fig. 5). Recovery efficiencies of applied P and K were
not affected by any of the management factors.

Physiological efficiency of nutrients taken up

Multiple linear regression of the combined data from
plots under farmers’ management practices across FP
and FIP showed that physiological efficiency (PE)
of N was significantly (p=0.04) influenced by INS,
where PE decreased by 0.1 kg grain kg~' N uptake
(kg kg™!) for every kg ha™! increase in N uptake
from the soil (Model 6A, Table 4). Across FP, FIP
and RAP + NPK, weeding time delay, and interaction

A

aPrate~ 10
OP rate ~ 20

o © P rate = 50

ted for predicted apparent
recovery values from Mod-
els 3 and 4, respectively.
Data points are observed
apparent recovery values
from FIP and RAP + NPK -10 -
plots. FIP =farmers’

intensification practice

and RAP +NPK =recom-

mended agronomic prac- 200 A
tices plus NPK application

Apparent recovery of applied

150 +

80

P rate (kg ha-1)

B aK rate ~ 10

oK rate ~ 20
o oK rate = 50

Apparent recovery of applied

80

K rate (kg ha-1)
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between INS and N rate were the drivers of N physio-
logical efficiency. One day delay in weeding increased
PE of N by 0.1 kg kg™, Interaction between INS and
amount of N applied reduced PE by 0.001 kg kg™
for every additional kg ha™' N uptake from combined
soil and fertiliser sources (Model 6B). Estimated PE
values from Model 6B showed that increasing N rate
with increasing INS reduced PE of N (Fig. 4). Indeed,
PE of N on-farm was generally lower at higher N
amounts (100 kg ha™!) compared with lower N rates
(Fig. 4). This could indicate that the increase in N
availability to crops, from N application and soil sup-
ply, resulted in more N uptake by crops which was to
a greater extent used to produce additional vegetative
biomass rather than extra grain. The increase in the
PE of N with delayed weeding could be explained
by a larger negative effect of delayed weeding on
N uptake, compared with the effect on grain yield,
where reduction in N uptake was 16.3%, compared
with 11.1% grain yield reduction (Supplementary
Table S2). There was also a positive effect of delayed
weeding on dry matter HI, in that HI was 3.3% higher
under late weeding compared with timely weeding.
This could imply that with delayed weeding the crops
adjusted their sink size in relation to the source, since
uptake and overall tissue concentration decreased, so

the plants became more efficient in utilising the avail-
able nutrients taken up to produce more grains.

The physiological efficiency of P across FIP and
RAP+NPK was influenced by IPS and the inter-
action of P rate and P fertilisation time. Increase in
IPS by one kg ha™! led to a reduction in PE of P by
3.4 kg kg~!. The interaction between P rate and ferti-
lisation time also reduced PE of P by 0.05 kg kg~! for
every additional kg ha™! of P applied combined with
a day delay in P fertiliser application. Predictions
from regression Model 7 (Table 4) indicated a larger
drop in PE of P at high P rate, compared with lower
rates (Fig. 5A), which could imply luxury uptake of
P at high rate which was inefficiently utilised by the
crops for grain production. The PE of K was deter-
mined by IKS and interaction between K applied and
weeding time. Similarly for K, an increase in IKS
by one kg ha™! resulted in a reduction in the PE by
0.1 kg kg™!. Interaction of K rate and weeding time
likewise reduced the PE of K by 0.01 kg kg™' for
every kg ha! increase in K rate with a day delay in
weeding (Model 8, Table 4). Predictions of K PE by
Model 8 showed that at lower or higher K rates, PE
reduced with delayed weeding, however, with larger
reductions at higher K rate (Fig. 5B). This could indi-
cate that at lower K rates, timing of weeding was a

80 1~ ——N rate = 15, WD = 21
o ——Nrate =35 WD=0
< 701 o o — N rate = 35, WD =21
X
S o, ——N rate = 100, WD =0
2 60 - o O o 8
S —8—8—Opa— 80 o N rate ~15, WD ~21
z W
] =] ~ =

EI 50 A 3] - = O N rate ~35, WD =0
~ u] o o [a] o
= B o N rate ~35, WD ~21
- o DC] o
o o
540- o 0 g ,° O N rate =100, WD =0
=)
X
~ 30 o
w
o

20 r : : r r )

40 60 80 100 120 140 160

Indigenous N supply (kg ha-1)

Fig. 4 Physiological efficiency of N across FP, FIP and
RAP+NPK as affected by weeding time delay (WD; days
after weeding in RAP plot) and interaction between indig-
enous N supply and N application rate on-farm, Doho, 2019.
Regression lines are fitted for predicted PE values from Model
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4B. Data points are observed PE values from FP, FIP and
RAP+NPK plots. FP=farmers’ practice, FIP=farmers’ inten-
sification practice and RAP 4+ NPK =recommended agronomic
practices combined with NPK application
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major factor affecting PE of K, while the interaction
effect of K amount and weeding time on PE was more
negative at higher K applications.

Discussion

We observed a large variation in indigenous N, P and
K supply at zero fertilisation among rice farmers’
fields in the Doho rice irrigation scheme, Uganda.
N and P varied about 2.5-fold among fields while K
varied about 3.6-fold (Supplementary Fig. 1). Ear-
lier studies reported similar variations in indigenous
nutrient supply among farmers’ fields. For instance,
Haefele et al. (2003) and Haefele and Wopereis

(2005) reported large variations in indigenous N, P
and K supply among rice fields under similar grow-
ing conditions in SSA. Large field-to-field variations
in indigenous P supply (IPS) of rice fields have also
been reported for soils with various geological back-
grounds, as well as in soils from adjacent fields (Nish-
igaki et al. 2019). Similar variations in indigenous
supply among fields were reported in maize (Fofana
et al. 2005; Tabi et al. 2008) and millet (Fofana et al.
2008) fields in SSA. Likewise, in Asia, where fertilis-
ers have been used over a long time at higher rates
than in SSA, Cassman et al. (1996) observed huge
variations in indigenous N supply (INS) among rice
fields in the tropics under comparable growing con-
ditions, noting that the variation was not only among
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fields but also in the same field over time. Compara-
ble variations in INS, IPS and indigenous K supply
(IKS) have also been reported among rice (Dober-
mann et al. 2003b; Xu et al. 2017), maize and wheat
fields (Chuan et al. 2013; Cui et al. 2008; Xu et al.
2014). Dobermann et al. (2003b) identified soil type,
climate, and crop management practices as the causes
of the large variation in indigenous supply. The differ-
ences in indigenous supply among farmers’ fields in
the studied irrigation scheme could not be explained
by climate or soil type, as these did not really vary.
The large variation in indigenous nutrient supply
observed among farmers’ fields in this study is an
indication that past crop management must have dif-
fered, and hence field-specific nutrient management is
essential for individual farmers in this production sys-
tem, where application rates could be based on farm-
ers’ insights of indigenous nutrient supply under zero
fertilisation. This is generally relevant across SSA
(Chivenge et al. 2022).

The findings of reduced agronomic -efficiency
(AE); apparent recovery, hence recovery efficiency
(RE); and physiological efficiency (PE) with increas-
ing soil indigenous nutrient supply (Figs. 1, 2, 4
and 5) confirm previous studies on the relationship
between indigenous nutrient supply and use efficiency
of applied nutrients. In rice fields of SSA, Hae-
fele et al. (2003) and Haefele and Wopereis (2005)
reported reduction in fertiliser N, P and K recovery
fractions with the increase in indigenous nutrient
supply. Relatedly, lower fertiliser N recovery was
observed in maize fields in non-degraded soils with
higher INS than in degraded soils with lower INS
(Fofana et al. 2005). However, in millet grown in
infields and outfields (i.e., fields close to and away
from the homestead, respectively), fertiliser N and P
recoveries were higher in infields with higher indig-
enous supply than in outfields (Fofana et al. 2008).
Samaké et al. (2005) observed that in very degraded
soils in outfields, fertilisation may not enhance nutri-
ent uptake hence recovery, as there are too many
limiting factors, including biotic stresses like striga
for millet. Agronomic efficiency of N and P was also
reported to reduce in fields where indigenous sup-
ply of these nutrients was high (Kihara & Njoroge
2013; Vanlauwe et al. 2011). Equally, Xu et al. (2017)
reported reduction in AE of N, P and K in Asian rice
fields with increasing indigenous N, P and K supply.
Comparable observations were also reported in maize
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and wheat (Chuan et al. 2013; Xu et al. 2014). The
reduction in fertiliser nutrient use efficiency observed
in our study, when soil indigenous nutrient supplies
were high, further underscores the need for site-spe-
cific nutrient application based on individual field
capacity to supply nutrients from indigenous sources.
While nutrient use efficiencies reduced with increas-
ing soil indigenous supply, the current study further
showed an interaction between indigenous nutrient
supply and timing of weeding in influencing use effi-
ciencies of applied nutrients (Figs. 1, 2, 4 and 5B).
For instance, the interaction between indigenous N
supply and weeding time delay significantly reduced
AE of N (Fig. 1), compared with recommended weed-
ing time. Similarly, delaying weeding affected the
intercept of the relation between apparent N recovery
and indigenous N supply (Fig. 2), strongly reducing
N recovery efficiency. This effect of delayed weed-
ing combined with indigenous nutrient supply on
fertiliser nutrient use efficiencies suggests that site-
specific nutrient application must be combined with
timely weeding as site-specific recommendations may
be inefficient when farmers apply fertilisers and do
not weed timely. Present recommendation for site-
specific nutrient application is based on indigenous
soil supply but not on weed management (Chivenge
et al. 2021; Dobermann et al. 2002), indicating that
site-specific nutrient management approaches for
SSA farmers should take into consideration proper
crop management practices, especially timely weed-
ing, which is critical for crop response to fertiliser
application (Awio et al. 2022). This will ensure that
farmers apply the right amounts of fertilisers under
appropriate management practices and make eco-
nomic returns on fertiliser investments through
enhanced fertiliser nutrient use efficiency. Also, the
possibility of within-field variation as observed by
previous studies (for instance Cassman et al. 1996)
should be considered to demonstrate the importance
of adopting precise and variable nutrient rates com-
bined with good agronomic practices to maximise
production within a single field, thereby also saving
money for the farmers. This requires that farmers are
empowered to make judicious management decisions
based on the actual status of their fields.

In this study, indigenous N, P and K supply were
estimated by measuring N, P and K uptake in RAP
plots where no nutrients were applied but manage-
ment was optimal with the aim to estimate the role of
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indigenous nutrient supply of the fields under farmer
management in the agronomic efficiency of fertiliser
applications. An alternative approach to estimate
indigenous nutrient supply is using nutrient omission
plots. While the method applied here might under-
estimate the indigenous nutrient supply, as also noted
by Haefele et al. (2003) using the same approach, the
alternative method would potentially lead to an over-
estimation of indigenous supply capacity for nutrients
that are least deficient in the system. Considering the
above reasoning, we opted for the approach that takes
the observed uptake of non-fertilised plots as esti-
mates of uptake under farmer conditions. We consider
this as the indigenous nutrient supply, but not supply
capacity. In fact the trend that at higher indigenous
nutrient supply fertiliser use efficiency is reduced was
also observed by previous studies that used nutrient
omission trials in rice and maize fields in SSA (e.g.,
Haefele & Wopereis 2005; Vanlauwe et al. 2006) and
Asia (Dobermann et al. 2003b). Likewise, indigenous
nutrient supply values estimated by our approach are
comparable to values from omission trials (Dober-
mann et al. 2003b; Haefele & Wopereis 2005). From
a practical perspective, indigenous supply estimated
using our approach is the most appropriate and much
more relevant in explaining the problem of fertiliser
use efficiency that farmers encounter, than using the
indigenous supply capacity estimation from an omis-
sion plot.

Delayed weeding reduced the apparent recov-
ery, RE and AE of N, and the PE of K, while PE
of N increased with delayed weeding. Touré et al.
(2009) observed lower fertiliser N AE in unbunded
rice plots, which had higher weed biomass, than in
bunded plots. Similarly, fertiliser N AE was reported
to be three-fold lower in open rice fields where weed
pressure was high, than in bunded fields (Becker &
Johnson 2001). While all our fields were bunded, late
weeding showed similar impact. The reduction in use
efficiency due to delayed weeding could be attrib-
uted to competition among rice plants and weeds for
nutrients from both soil and fertiliser sources. This
indicates that appropriate weeding time is necessary
to allow plants to efficiently utilise nutrients from
indigenous sources, and from fertilisers when farmers
decide to apply. The increase in PE of N with delayed
weeding could imply that, with reduced N uptake,
crops became more efficient in utilising the available
N taken up to produce more grains by adjusting their

sink size in relation to the source. Delayed application
of the fertiliser reduced the apparent recovery of fer-
tiliser N under farmers’ management practices across
farmers’ practice (FP) and farmers’ intensification
practice (FIP), and PE of P. This could imply that,
under farmers’ current N rates, N application needs to
be synchronised with the correct crop stage for opti-
mal uptake, probably N application at maximum till-
ering or panicle initiation stage in fields where indig-
enous supply is low or at grain filling stage where
indigenous supply is moderate or high; this point
was also observed by Becker and Johnson (2001) and
Becker et al. (2003).

Low PE of N, P and K, and low dry matter harvest
index were observed at high application rates under
recommended agronomic practices (Table 3). This
could indicate increased uptake by crops, which was
used to enhance vegetative biomass production rather
than grain yield. This may require that fertiliser nutri-
ents, especially N, be more spread at this high rate to
include split application at later crop stage as previ-
ous studies indicate that late application can enhance
grain filling and grain yield (Banayo et al. 2018;
Becker and Johnson 2001; Zhou 2017).

Conclusions

Indigenous nutrient supply at zero fertilisation varied
largely among farmers’ fields within the same irri-
gation scheme. Use efficiency of applied nutrients
decreased with increasing indigenous nutrient supply,
indicating that site-specific fertiliser recommenda-
tion is required based on indigenous nutrient supply
levels of individual farmer’s fields. Delayed weeding
and nutrient application timing also reduced use effi-
ciency of fertiliser nutrients. Moreover, an interaction
between indigenous nutrient supply and timing of
weeding was observed. Therefore, at current farmers’
fertiliser application rates, appropriate weeding and
indigenous soil supply-based fertilisation strategies
appear to be the major management practices that
need to be developed with farmers to enable improv-
ing the use efficiency of applied nutrients, and hence,
grain yield. Further participatory trials with farm-
ers is needed to determine the appropriate minimum
nutrient rates farmers can apply and the correct crop
stage(s) for application based on indigenous supply
levels of the soil.
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